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Abstract:  
Future sustainability of road transportation will require substantial improvement in the 
efficient use of energy by road vehicles. As new technologies being deployed reduce total 
vehicle energy consumption, the contribution of tyre rolling resistance to total energy 
consumption continues to increase. For this reason the tyre’s rolling-resistance is starting 
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to drive the focus of many tyre developments nowadays. This is because the rolling-
resistance can be responsible for 20-30% of the total vehicle fuel consumption. Thus, 
lowering the rolling-resistance would help in reducing the fuel consumption (i.e. CO2, 
NOx and hydrocarbon emissions) and hence improve the environment greatly given the 
large number of vehicles used globally. It is found that the primary source of the rolling-
resistance is the tyre deformational behaviour (i.e. hysteresis damping) which can account 
for 80-95% of the total rolling-resistance. This paper reviews the state of the art in tyre 
design, research and development for lower rolling-resistance, with focus on the primary 
source for the rolling-resistance (i.e. mechanical hysteresis damping), from three 
perspectives; the structural lay-up, the dimensional features, and the materials 
compound(s) of the tyre. 
 
Keywords:  
Rolling resistance, tyre design, tyre dynamics, vehicle wheels/ tyres, Fuel efficiency/ 
economy, automotive materials. 
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1. Introduction:  
Extant for over 100 years, the pneumatic rubber tyre is still a dominant solution in 
Automotive sector for the transport of at least 60% of the population and wares globally.1 
This is due to its reliability and effectiveness in meeting the wide diverse driving 
functions and requirements of vehicles under various road conditions, which makes it 
unparalleled in the market.2,3 However, there are some areas in the pneumatic rubber tyre 
that still need further improvements and among those; one area, that is attracting a lot of 
attention and concern due to its importance and impact, is the tyre’s rolling 
resistance.2,4,5,6  
 
Basically, the “rolling-resistance” is a phenomenon that is related to tyre rolling over road 
surface. Traditionally, the rolling-resistance was seen as a longitudinal resistive force to 
tyre rolling generated because of tyre deformation during rolling, which is a concept 
limited to steady-state free rolling conditions.7,8 A more reliable perception of rolling-
resistance is looking at it as the mechanical energy losses of the tyre as heat because of 
tyre rolling for a given distance.9,10,11 
 
In general, the “rolling-resistance” occurrence is undesirable to both vehicle performance 
and environmental welfare. It is found to be one of the main factors opposing the 
vehicle’s mobility, particularly at higher velocities, and leading to energy losses; making 
the vehicle to consume more fuel to maintain its mobility and produce more CO2 exhaust 
emissions in the process, contributing to increasing the air-pollution and the global 
warming.8,10-15 Many studies reveal that the tyre’s rolling-resistance can be responsible 
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for up to approximately 20%-30% of the vehicle’s total fuel consumption depending on 
the vehicle’s type and the driving pattern used, where fuel consumption exhibits nearly a 
linear change with the change in rolling-resistance.12,16-20  
 
As the time passes, the regulations and legislations are becoming more demanding 
worldwide with regard to the restrictions on the levels of vehicle’s CO2 emissions.21 The 
International Energy Agency22 indicated in 2008 that the move toward lower rolling-
resistance tyres is considered to be the most effective way to reduce CO2 emissions in the 
transport sector. Globally, the tyre development research is starting to become more 
rolling-resistance driven and focused.21,23 
 
This interest behind improving the rolling-resistance can be seen and understood due to 
the important and significant role it plays in affecting the fuel consumption and the 
exhaust emission in return; where lowering the rolling-resistance by about 10% can yield 
a decrease in fuel consumption by about 0.5-1.5% for light-weight cars and about 1.5-3% 
for heavy-weight ones.24-28 Furthermore, the smallest improvement in the tyre’s rolling-
resistance can create a significant impact on the environmental welfare, in terms of 
reducing the CO2 emissions, considering the number of vehicles used worldwide.29 
 
According to the current literature, the tyre’s rolling-resistance is caused due to three 
mechanisms that take place in the tyre’s environment and those are8,10,11,14,17,30-34,112-116: 
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• The “tyre’s cyclic deformation” which causes some loses in its internal mechanical 
energy (i.e. strain energy loss). This is due to several occurrences like the 
reinforcements’ friction and the rubber viscoelastic (hysteresis) property. Among 
those occurrences, hysteresis damping holds the dominant impact on rolling-
resistance making the other occurrences insignificant in contrast (i.e. about 80% to 
95% of the total tyre’s rolling-resistance). 
 
• The “aerodynamic drag” due to tyre cutting through the surrounding air as it rotates, 
which opposes tyre movement and promotes heat transfer between the air and the 
tyre. Such phenomenon can cause 0% to 15% of the total tyre rolling-resistance 
depending on the tyre speed. 
 
• The “frictional slip” that takes place when the tyre comes into contact with the wheel 
rim and with the road surface during its rotation which leads to heat build-up. This is 
the least important causal factor of the rolling-resistance where it accounts for about 
only 5% of the total tyre rolling-resistance. 
 
Regardless, the rolling-resistance is not entirely bad as its existence, to some degree, is 
necessary to achieve other essential functions like good tyre-grip, under proper 
operational temperature, for traction, cornering and braking.5,10,29 This is because 
hysteresis is also largely accountable for the tyre/road adhesion and hence the 
grip.117,118,8,14  
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This paper aims to provide a state of the art review on the research done on improving the 
tyre rolling-resistance with focus on the predominant factor causing the rolling-resistance 
(i.e. tyre deformation (material hysteresis)) in the tyre structural design. This can help in 
focusing on important areas of tyre development to reduce rolling resistance. 
 
2. Tyre Development for Low Rolling Resistance: 
Here, the research work on tyre development is reviewed and categorised into three areas 
according to the tyre design aspect(s) being used to affect or influence the rolling-
resistance in the tyre.  
 
2.1 Via Structure Shape and Build-up:  
In this section, the impact of modifying the tyre’s body construction on the rolling-
resistance is looked at and the findings are summarized in table (1). A key improvement 
in the area of the tyre’s construction was the manufacturing of “radial ply” tyres in 1946 
by Michelin.35 The introduction of “radial ply” tyres instead of the former “bias ply” type 
provided a significant decrease in the tyre’s rolling-resistance that can reach up to around 
25% less than the “bias-ply” and in some cases even further less.19,36,37 Several studies 
and investigative works provide the same conclusion as indicated in table (1).  
 
Basically, the radial tyres differ from the bias tyres in the ply configuration, with respect 
to the number used and the direction of carcass plies, and the usage of steel-belts. The 
radial tyre uses single-layered plies placed radially around its centre with some steel-belts 
on top, where the bias tyre uses multiple-layered plies placed diagonally around its centre 
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with no steel-belts. This difference in construction provides the radial tyre with a lower 
inside friction and a more easy cord deflection when subjected to deformation due to  
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Table (1): Developments in the Tyre’s Body Structure 
  
(Improvement / Change Introduced)
Speed
Vertical 
Load
Inflation 
Pressure
1 39 Radial-Ply VS Bias-Ply Constructions Experimental ↑ ? ?
48 Radial Tyre Samples and 16 Bias Tyre 
Samples were investigated
2 40 Radial-Ply VS Bias-Ply Constructions Experimental ↑ ̶̶̶̶̶― ̶̶̶̶̶―
Radial and Bias Car Tyres on Smooth 
Flat Surface
3 37 Radial-Ply VS Bias-Ply Constructions Experimental ↑ ̶̶̶̶̶― ̶̶̶̶̶―
Radial with Bias tyres for both 
passenger-cars and trucks 
The sizes of tested tyres were 
the same (Labortoray & Road 
Tests were used)
4 39
Radial-ply Tyres from different Tyre 
Manufacturers
Experimental ↑ ? ? Radial-Ply Tyres
5 17
Tyre with Cap-Ply VS Tyre without Cap-
Ply
Experimental ↑ ̶̶̶̶̶― ̶̶̶̶̶― Passenger-Car Tyre According to ISO 8767 standard
6 41
“Belt-width/tread-arc width (belt/arc 
ratio)”, “rubber thickness above belt-
edge (shoulder gauge)”, “rubber 
thickness underneath belt-edge (insert 
gauge)”, &“crown angle”
Experimental ? ? ?
Four tyre versions each containing 
twenty-five passenger-car tyres of the 
same outer size
Investigation on Tyre's 
Reinforcment Belt geometry
7 42
“Belt/arc ratio”, “crown angle”, “tread 
radius”, & “tread-arc width/section width 
(arc/section ratio)”
Experimental ? ? ?
Four tyre versions each containing 27 
various tyres of different aspect ratios. 
Investigation on Tyre's 
Reinforcment Belt geometry
8 43 Tyres With and Without Tread Patterns Experimental ? ? ? The tested tyres were identical.
9 44 Tyres With Different Tread Patterns Experimental ? ? ? Passenger-car tyres
10 45
Identical Tyres with Tread-Patterns of 
different block sizes and arrangements
Experimental ↑ ? ? N/A
11 46 Block Tread Pattern VS Rib Tread Pattern Experimental ? ? ? Truck Tyres
Block-pattern had a deeper 
tread of 3 to 5mm 
12 47
Stiffness enhanced tread (i.e. by 
embedding plugs into the tread-cap)
Experimental ? ? ?
The embedded plugs, tread-cap and 
tread-base come in different materials.
(U.S. Patent 20160001605)
13 48
“Non-pneumatic (Air-free) Tyres” 
(i.e. Discrete (thin) Spokes Distribution)
Experimental ↓ ↓ N/A
Made-up from flexible spokes that link 
the wheel hub to an outer composite 
shear ring where a rubber tread is 
mounted 
14 119
Different shapes of Non-pneumatic Tyre's 
spokes (i.e. Spoke Pairs, Honeycomb, 
Curved Spokes, & New Curved Spokes)
Numerical ̶̶̶̶̶― ̶̶̶̶̶― N/A
Quasi-static 2D FE model(s) using 
Abaqus
Spoke Pairs has the highest 
vertical stiffness, then the 
Honeycomb where the Curved 
Spokes are the lowest.
Table Key Indicators:
̶̶̶̶̶― : Fixed, Constant, Remain Unchanged or No Change ↑  : Increase   ↘  : Slight Decrease
→ ↓  : Decrease   ?    : Not Stated / Unknown
↕  ↗  : Slight Increase N/A : Not Applicable: Variable or fluctuating (with no particular Pattern)
A block-pattern led to an increase in RR by 15% more than a rib-
pattern.
A change of 5% in RR at low speed (40km/h) minimised to less 
than 2% at high speed (150km/h).
Less deformational energy which led to lower RR
- Low RR, inflation maintenance-free, and no flat-run than 
pneumatic tyres.
- Limited to usage with small vehicles of low to moderate 
speeds for extraterrestrial conditions (& earth too).
- It had handling and ride comfort problems.
: Almost No Change or Marginal Change (i.e. Negligible)
- RR reduction with the decreasing of belt/arc ratio, shoulder 
gauge & insert gauge.
- Crown angle had negligible impact on RR.
- RR reduction with decreasing of belt/arc ratio.
- Arc/section & Crown angle had negligible impact on RR.
- Tread radius had a weak impact on RR compared to belt/arc.
Influence on Rolling Resistance (RR)
- Pattern-less tyre had 8% lower RR than those with patterns.
- Usage of different Tread Patterns had no difference in the 
impact on RR.
No significant changes found in RR between the different tread-
patterns except for the snow tread which had 27% higher RR.
Below ~120kph, Cap-ply tyre causes RR to slightly increase 
compared to Uncapped tyre. Above ~120kph, Cap-ply tyre leads  
to significant reduction in RR compared to Uncapped.
Clear difference in RR between the tyres of the same 
construction type
Radial Tyres has lower RR than that of Bias Tyres
Radial Tyres has lower RR than that of Bias Tyres
Radial Tyre has lower RR than that of Bias Tyre
RemarksMethod / 
Approach
Tyre's Body Configuration & Construction Operating Conditions
St
ud
y 
N
o.
Re
fe
re
nc
e 
/ 
So
ur
ce
Investigation
Others
- The Spoke Pairs model had the lowest RR followed by the 
Honeycomb model as the 2nd lowest and then the Curved 
spokes models as the last.
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loading/unloading. Such characteristics allow the radial tyre to produce much lower heat 
and hence less energy losses leading to lower rolling-resistance compared to bias 
tyres.16,29,36,38 
 
Nevertheless, the advantage the radial tyres have over the bias tyres, in terms of having 
lower rolling-resistance, can be undermined if other elements were not appropriately 
preserved such as low inflation pressure or inappropriate driving behaviour.37 
 
 
After the “radial” tyre construction, only small improvements have been made to reduce 
the tyre’s rolling-resistance, due to the high cost and the long time involved in the 
development process, in which those improvements are limited in most cases to the 
specific tyre(s) examined. An instance on that would be Thompson and Myriam’s39 work 
on examining the rolling-resistance for a group of radial tyres from various manufacturers 
in which they found that there is an obvious difference between those tyres in terms of 
their rolling-resistance regardless being all of similar body construction. This indicates 
the association of many other design parameters in impacting the tyre’s rolling-resistance. 
 
The introduction of “cap-ply” into radial tyres, which is a fabric ply-layer added between 
the tread base and the steel belts, was found to increase the rolling-resistance slightly, by 
approximately 2% compared to uncapped tyres, when the tyre rolls below 120kph. This 
occurs due to the fact that adding the cap-ply means adding extra rubbers/cords weight to 
the tyre which would dissipate more energy when subject to cyclic loading/unloading. 
Moreover, the utilisation of a cap-ply would restrict the flexibility of the tyre’s shoulders 
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as the crown region would become harder circumferentially causing the crown to be 
further rounded than in uncapped tyre when the tyre is inflated. However, once the tyre 
exceeds the 120kph, the cap-ply would have a reverse impact on the tyre rolling-
resistance by helping in minimising the rolling-resistance. This is as a result of the cap-
ply strengthening the tyre’s crown, minimising its curvature deformation in the contact 
patch area and lowering the effect of the centrifugal forces created during tyre rolling, 
which leads in the end to help in reducing the increase of rolling-resistance with higher 
rolling speeds.10,17  
 
As indicated in table (1), several investigations on the influence of altering the tyre “belt” 
geometry on the rolling-resistance revealed that the bigger the belt geometry (e.g. belt/arc 
ratio, shoulder gauge and insert gauge); the higher the rolling-resistance will be in the 
tyre. Again, the reason behind such result is that a bigger geometry would lower the belt 
flexibility and add more mass to the tyre causing, in the process, further energy losses 
during the deformational hysteresis damping of tyre and higher rolling-resistance in the 
end. Lindemuth16 points out that bigger belt geometry, like the usage of wider belts, can 
provide different impacts on the tyre when its influence is compared to the whole tyre 
performance. Wider belts can improve the handling, traction and speed capability 
characteristics of a tyre but on the other hand worsen the rolling-resistance, weight and 
ride features of the tyre.  
 
To highlight, the investigations on tyre development, especially tyre’s construction, can 
be costly and really time consuming, sometimes with marginal or no gains hence it is not 
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something that can be tried frequently or easily. An example on that would be the 
researches of both Yurjevich41 and Walter42 who spent over a year in investigating and 
conducting experiments on the impact of belt geometry on rolling-resistance for a group 
of tyres. 
 
Investigative works on the influence of tyre “tread patterns” on rolling-resistance, like 
Keefe and Koralek43 and Williams44, concluded that the tyres without patterns would 
have less rolling-resistance compared to the ones with patterns. As for the tyres with 
different tread patterns, there was no real change in using different patterns on the rolling-
resistance excluding the snow tread which gave a higher rolling-resistance. This change 
may be due to differences in tread compounds between normal and snow tyres. Other 
investigations, such as Gerresheim45 and Knight46, showed a different outcome where 
there was a change in the rolling-resistance between the different tread patterns 
investigated. However, Knight46 suggested this change was due to the different tread 
patterns having different tread depths, which affected the mass of the tread and hence the 
rolling-resistance results. 
 
This raises the issue of the inconsistency of experimental settings between the conducted 
research investigations on a particular aspect of the tyre, which makes it hard to get 
appropriate and accurate comparative base on the investigated aspect at hand. 
 
A relatively new tyre development was creating a more stiff tread of the tyre by 
Sandstrom et al.47 through implanting plugs into the tread top reaching to the tread base, 
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which are all made from different materials. The inserted plugs give the tread more 
stiffness perpendicularly, reducing the tread vertical deformation during 
loading/unloading and hence reducing the rolling-resistance while not greatly influencing 
the other features of the tyre. 
 
An emerging development area that shows some promising advantages compared to the 
conventional pneumatic tyres is the use of “Air-free” tyres, which provide reduction in 
rolling-resistance, no run flat and no inflation requirement.48 Generally, those air-free 
tyres come with hyper-elastic spokes connecting the wheel hub with an outer shear ring 
where the rubber tread is fitted on. The spokes with a shear band in the outer ring offer 
elasticity and less damping in a way that would cause lower viscoelastic energy 
dissipation and hence less rolling-resistance.49,50,51 However, this is not always the case as 
they often show higher rolling-resistance than the pneumatic tyre, especially when 
discrete thin spokes are used as an air replacement in tyre for loading support and ride 
comfort achievement, as with the “Michelin Tweel” condition.119-123 This requires the use 
of a high number of packed spokes leading to more mass, heat build-up, less vertical 
stiffness, and hence more deformational distortion.119-122   
 
A number of companies have already started exploring the air-free tyre concept from 
about a decade ago and made some development progress in this field like the Michelin 
Tweel, Bridgestone 2nd generation, and Polaris Honeycomb.52 The air-free tyres have 
been deployed in some uses such as in military and small electrical vehicles but on a 
limited scale. Further development plans are still in progress and are needed as the 
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existing air-free tyres are yet to match the pneumatic tyres in meeting the wide diverse 
driving requirements of the large fleet of different vehicles especially in high speeds, 
extreme conditions, heavy-weight vehicles, and ride comfort. Nevertheless, there have 
been a number of efforts in further developing the air-free tyres such as Kaufman et al.53, 
Ju et al.50 and Ma et al.54 for the applications on lunar and passenger vehicles and 
Rutherford et al.55 and Narashmhan et al.56 on lowering the tyre vibrations at high 
velocities.  
 
2.2 Via Dimensional Features: 
In this section, the influence of manipulating the tyre’s dimensions on the rolling-
resistance was investigated and the results are summarized in table (2).  
 
The current literature uncovered that there are endless ways to modify the tyre’s 
dimensions in order to affect the rolling-resistance. Each way imposes specific alterations 
to the tyre structure and its characteristics, resulting in different effects on the rolling-
resistance based on the tyre at hand. This can be seen in the quite diverse outcomes of the 
investigative studies on the influence of tyre’s dimensions on the rolling-resistance as 
indicated in table (2). An example on that is the different impact that the tyre’s “aspect 
ratio” (i.e. tyre profile) had on rolling-resistance in studies like Pillai and Fielding-
Russell57, Gerresheim45, Clark58, and Walter59. Furthermore, there are the vast chances of 
interventions and conflicts between many design-parameters of the tyre against each 
other, when attempting new tyre design, in terms of the material composition(s), body 
configuration(s), and dimensional settings. Such clash makes it unavoidable for some 
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trade-off to occur between the tyre’s characteristics, among which is the rolling-
resistance.  
15 
 
Table (2): Developments in the Tyre’s Dimensional Settings 
Aspect 
Ratio
Section 
Width
Section 
Height
Outer 
Diameter
Inner 
Diameter
Tread 
Depth
Speed
Vertical 
Load
Inflation 
Pressure
Others
1 57 ↑ ↕ ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ? ̶̶̶̶̶―
Both Analytical & 
Experimental
? ̶̶̶̶̶― ̶̶̶̶̶―
 Radial Passenger-
Car Tyres
→
2 45 ↓ ? ? ? ? ? ? Experimental ? ̶̶̶̶̶― ̶̶̶̶̶―
Passenger-Car 
Tyres
→
3 60 ↓ ↕ ? ̶̶̶̶̶― ↕ ? ↕ Experimental ↓ ? ?
Radial Truck Tyres 
/ Fixed Material 
Compound & 
Construction 
↘
4 61 ↓ ↑ ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ? ̶̶̶̶̶― Experimental ? ? ?
Passenger-Car 
Tyres / Fixed 
Material 
Compound & 
Construction  
↓
5 46 ↓ ? ? ? ? ? ? Experimental ? ? ? Radial Truck Tyres ↓
6 62 ↑ ? ? ̶̶̶̶̶― ? ? ?
Analytical 
Modelling
? ? ?
 Radial Passenger-
Car Tyres
↕
Minimum RR at 70% Aspect 
Ratio
7 63 ? ̶̶̶̶̶― ? ↕ ̶̶̶̶̶― ? ̶̶̶̶̶― Experimental ? ? ?
Fixed Material 
Compound & 
Construction  
?
Minimum RR at 85% Aspect 
Ratio
8 64 ? ? ? ̶̶̶̶̶― ? ? ? Experimental ? ̶̶̶̶̶― ̶̶̶̶̶―
Passenger-Car 
Tyres
?
Minimum RR at 65% Aspect 
Ratio
9 58 ↑ ↓ ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶―
Semi-Empirical 
(Analytical + 
Experimental)
? ̶̶̶̶̶― ↑
Truck Tyres / 
Fixed Carcass 
thickness & Tread 
thickness 
↓
Inflation Pressure has 
greater impact on RR than 
Section Width
10 58 ↓ ↑ ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶―
Semi-Empirical 
(Analytical + 
Experimental)
? ↑ ↑
Truck Tyres / 
Fixed Carcass 
thickness & Tread 
thickness 
↓
Inflation Pressure has 
greater impact on RR than 
Section Width & load
11 65 ? ↑ ? ? ̶̶̶̶̶― ? ̶̶̶̶̶― Experimental ↓ ̶̶̶̶̶― ↑ N/A ↓
Inflation Pressure & Speed 
have greater impact on RR 
than Section Width
12 58 ̶̶̶̶̶― ↓ ? ↑ ? ̶̶̶̶̶― ?
Semi-Empirical 
(Analytical + 
Experimental)
? ̶̶̶̶̶― ↑
Truck Tyres / 
Fixed Carcass 
thickness & Tread 
thickness 
↓
Inflation Pressure & Outer 
Diameter have greater 
impact on RR than Section 
Width
13 59 ↑ ↓ ↑ ̶̶̶̶̶― ↓ ? ↓ Experimental ↑ ? ?
2010 Volkswagen-
Golf car UHP 
Radial Tyres of 
the same brand & 
type 
↓
Faster Rolling (from 0 
60mph)
14 57 ↑ ̶̶̶̶̶― ↑ ↑ ̶̶̶̶̶― ? ̶̶̶̶̶―
Both Analytical & 
Experimental
? ̶̶̶̶̶― ̶̶̶̶̶―
 Radial Passenger-
Car Tyres
↓
15 57 ↑ ̶̶̶̶̶― ↑ ↑ ↑ ? ↑
Both Analytical & 
Experimental
? ̶̶̶̶̶― ̶̶̶̶̶―
 Radial Passenger-
Car Tyres
↓
16 57 ↑ ̶̶̶̶̶― ↑ ↑ ↓ ? ↓
Both Analytical & 
Experimental
? ̶̶̶̶̶― ̶̶̶̶̶―
 Radial Passenger-
Car Tyres
↓
The Increase in Section 
Height is more than the 
Decrease in Wheel 
Diameter 
17 57 ↑ ̶̶̶̶̶― ↑ ̶̶̶̶̶― ↓ ? ↓
Both Analytical & 
Experimental
? ̶̶̶̶̶― ̶̶̶̶̶―
 Radial Passenger-
Car Tyres
̶̶̶̶̶―
The Increase in Section 
Height is equal to the 
Decrease in Wheel 
Diameter 
18 17 ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑ ̶̶̶̶̶― ? ̶̶̶̶̶― Experimental ↓ ? ?
Radial Passenger-
Car Tyre
↓
According to ISO 8767 
standard of testing
19 66 ? ? ? ↑ ? ? ? Experimental ? ? ?
Under different 
Road Surfaces
↓
Outer Diameter has greater 
impact on RR in Soft 
Surfaces compared to 
Harder Surfaces
20 39 ? ? ? ↑ ? ? ? Experimental ↓ ? ? Radial Tyres ↓
21 60 ? ? ? ? ? ↓ ? Experimental ? ? ? Truck Tyres ↓
Linear Relationship 
between RR & Tread Depth 
22 46 ? ? ? ? ? ↓ ? Experimental ? ? ?
Various Truck 
Tyres 
↓
Linear Relationship 
between RR & Tread Depth 
23 67 ? ̶̶̶̶̶― ? ? ̶̶̶̶̶― ↓ ̶̶̶̶̶― Experimental ? ↕ ↑
 Radial Passenger-
Car Tyres
↓
24 68 ? ̶̶̶̶̶― ? ? ̶̶̶̶̶― ↓ ̶̶̶̶̶― Experimental ? ? ? Radial Truck Tyres ↓
Non-Linear Relationship 
between RR & Tread Depth 
25 69 ? ̶̶̶̶̶― ? ? ̶̶̶̶̶― ↓ ̶̶̶̶̶― Experimental ? ↕ ↕
Low Profile Radial 
Truck Tyres 
↓
Non-Linear Relationship 
between RR & Tread Depth 
̶̶̶̶̶― : Fixed, Constant, Remain Unchanged or No Change   ↘  : Slight Decrease ↑  : Increase
→   ?    : Not Stated / Unknown ↓  : Decrease
↕ N/A : Not Applicable
: Almost No Change or Marginal Change (i.e. Negligible)
: Variable or fluctuating (with no particular Pattern)  ↗  : Slight Increase
Influence 
on Rolling 
Resistance 
(RR)
Remarks
Reference 
/ Source
St
ud
y 
N
o.
Table Key Indicat
W
he
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er Investigation
Method / 
Approach
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In addition to the tyre’s design parameters, there are the tyre’s operational parameters 
(e.g. speed, inflation pressure, and normal load) that can have a significant impact on the 
rolling-resistance as illustrated in table (3). Those parameters can influence, remarkably, 
the effects of the tyre’s dimensions on the rolling-resistance in case they were not 
properly maintained or cautiously taken into account during designing and testing. As 
indicated earlier, the inconsistency of experimental settings is another cause for the quite 
mixed results of the impact of tyre’s dimensions on the rolling-resistance. Similar 
conclusions are reached by Schuring and Futamura20 and LaClair10. 
 
For an example, underinflated tyre would lead to larger tyre deformation and friction as it 
rolls, causing greater heat losses (i.e. rolling-resistance), tread-wear, and improper 
contact.124-130 Pressure monitoring and self-inflation systems are growingly being 
developed and used to address such an issue. Currently, those systems are used in many 
military and commercial vehicles (e.g. Tiremaax-Pro, MTIS, and TPCS) whereas for 
consumer vehicles just the monitoring systems are widely used.126-129,131-134  
 
Such focus on the commercial vehicles, for self-inflation systems, may refer to the 
significant impact they have on fuel economy and the capabilities of commercial vehicles 
in terms of their large tyre sizes with higher inflation pressures, load-carrying capacity 
and long travelling distances along with having the room to accommodate the systems, 
which commonly come with compressor, sensors and other parts.29,125,130 Adding to the 
complexity, the optimum tyre pressure is not fixed as it depends on the driving and 
environmental conditions which the consumer vehicles are more sensitive to.124  
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Table (3): Impact of Operating Parameters on Tyre’s Rolling Resistance 
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Speed
Vertical 
Load
Inflation 
Pressure
Others
Aspect 
Ratio
Section 
Width
Section 
Height
Outer 
Diameter
Inner 
Diameter
Tread 
Depth
1 20
Mathematical & 
Experimental
? ↑ ̶̶̶̶̶―
Radial Passenger-
Car Tyre (Tested on 
a standard 
roadwheel)
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
2 70 ? ↑ ̶̶̶̶̶―
Passenger and 
Radial Medium 
Truck Tyres
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
Numerical & 
Experimental
3 71 ? ↑ ̶̶̶̶̶―
Passenger Radial 
Tyre
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
Numerical & 
Experimental
4 72 ̶̶̶̶̶― ↑ ̶̶̶̶̶― Radial Tyres ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
5 17 Experimental ̶̶̶̶̶― ↑ ̶̶̶̶̶― Passenger Car Tyres ? ? ? ? ? ? ? ↑
According to ISO 8767 
standard 
6 11
Both Analytical & 
Experimental
̶̶̶̶̶― ↑ ̶̶̶̶̶―
Passenger Radial 
Tyre & Radial Truck 
Tyres
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
According to SAE 
procedure
J1269
7 28 Experimental ̶̶̶̶̶― ↑ ̶̶̶̶̶―
Radial (FR78-14) 
Tyre 
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
8 73
Numerical 
(Experimental & 
Thermal 
Modelling)
̶̶̶̶̶― ↑ ̶̶̶̶̶― Radial Tyre ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
9 74
Numerical (Finite 
Element 
Modelling) with 
Experimental 
Validation
̶̶̶̶̶― ↑ ̶̶̶̶̶―
Radial Passenger-
Car Tyre
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
10 20
Mathematical & 
Experimental
↑ ? ?
Passenger-Car Tyres 
/ On Dry & Wet 
Road Surfaces
? ? ? ? ? ? ? ↑
11 17 Experimental ↑ ̶̶̶̶̶― ̶̶̶̶̶― Passenger-Car Tyre ? ? ? ? ? ? ? ↑
According to ISO 8767 
standard / RR increases 
sharply after 120 km/h
12 75 Experimental ↑ ̶̶̶̶̶― ̶̶̶̶̶―
(7.50-14) Tubeless 
Tyre
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
RR increases sharply 
after 120 km/h
13 40 Experimental ↑ ̶̶̶̶̶― ̶̶̶̶̶―
Radial and Bias Car 
Tyres on Smooth 
Flat Surface
? ? ? ? ? ? ? ↑
RR increases sharply 
after 120 km/h
14 73
Numerical 
(Experimental & 
Thermal 
Modelling)
↑ ̶̶̶̶̶― ̶̶̶̶̶― Radial Tyre ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
15 74
Numerical (Finite 
Element 
Modelling) with 
Experimental 
Validation
↑ ̶̶̶̶̶― ̶̶̶̶̶―
Radial Passenger-
Car Tyre
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↑
RR increases sharply 
after 120 km/h
16 20
Mathematical & 
Experimental
? ̶̶̶̶̶― ↑
Radial Passenger-
Car Tyre (Tested on 
a standard 
roadwheel)
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↓
17 70 ? ̶̶̶̶̶― ↑
Passenger and 
Radial Medium 
Truck Tyres
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↓
Numerical & 
Experimental
18 71 ? ̶̶̶̶̶― ↑
Passenger Radial 
Tyre
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↓
Numerical & 
Experimental
19 72 ? ? ↑ Radial Tyres ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↓
20 17 Experimental ̶̶̶̶̶― ̶̶̶̶̶― ↑ Passenger-Car Tyre ? ? ? ? ? ? ? ↓
According to ISO 8767 
standard
21 11
Both Analytical & 
Experimental
? ̶̶̶̶̶― ↑
Passenger Radial 
Tyre & Radial Truck 
Tyres
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↓
22 66 Experimental ↕ ? ↑
Under different 
Types of Road 
Surfaces (Medium 
Hard Soil & 
Concrete)
? ? ? ? ? ? ? ↘
For Soft (Sand) Surface, 
the increase in Pressure 
causes the RR to 
increase too.
23 28 Experimental ̶̶̶̶̶― ̶̶̶̶̶― ↑
Radial (FR78-14) 
Tyre 
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↓
24 73
Numerical 
(Experimental & 
Thermal 
Modelling)
̶̶̶̶̶― ̶̶̶̶̶― ↑ Radial Tyre ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶― ↓
̶̶̶̶̶― : Fixed, Constant, Remain Unchanged or No Change ↑  : Increase   ↘  : Slight Decrease
→ ↓  : Decrease   ?    : Not Stated / Unknown
↕ N/A : Not Applicable: Variable or fluctuating (with no particular  ↗  : Slight Increase
: Almost No Change or Marginal Change (i.e. Negligible)
Numerical 
(Coupled 
Thermomechanic
al Finite Element 
model)
Numerical 
(Coupled 
Thermomechanic
al Finite Element 
model)
Table Key Indicator
Study 
No.
Reference 
/ Source
Investigation
RemarksMethod / 
Approach
Operating Conditions
Tyre's Parameters
Wheel 
Diameter
Influence 
on Rolling 
Resistance 
(RR)
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Nevertheless, there are two promising designs where the whole self-inflation system is 
contained within the tyre/wheel assembly. Although they are oriented toward the 
commercial vehicles and not widely applied yet, on-going efforts are in place for the 
consumer vehicles application too.125,126,128,130,133,135,136 These concepts are the Goodyear 
AMT, like Coda SIT, (i.e. Inflation through tyre’s peristaltic pumping) and the Aperia 
Halo (i.e. Inflation through pendulum-type pump activated by tyre 
rotation).128,130,131,134,136-138 
 
Accordingly, there is the urgent requirement to have a quantitative description that would 
cover the relationship between the rolling-resistance and the dimensions of the tyre, 
including tyre’s other related features, in an overall and accurate manner for better tyre 
designing with minimum trade-offs. This is since the existent researches in the field are 
yet to achieve that especially with the complexity of the tyre where numerous design 
factors are involved and their relationship with the rolling-resistance is needed to be 
examined both separately and in combination given all the potential configurations that 
the tyre can take. Moreover, generally, automobiles and tyres producers do not share their 
related information and data on tyre designing and its association with rolling-resistance 
for confidentiality purposes.76 
 
Such circumstances dictate the need for on-going, wide and steady course of research 
work on the tyre rolling-resistance which would normally demand a lot of time, 
collaborative efforts and resources. This is to explore new possibilities for development 
and attempt to address current drawbacks for more improved tyre rolling-resistance. Both 
Clark58 and Juhala29 shared similar recommendations to this in their research works. 
20 
 
 
Regardless of the current research state, there are a number of useful consistent findings. 
For instance, the modifications, which require expanding the targeted tyre’s dimension(s) 
further, would lead to increasing the rolling-resistance in most cases such as expanding 
the tread width or depth as indicated by several studies like Treichel60 and Bosik et al.69 
in table (2). Simply, this is because bigger dimension means more rubber mass to deform 
and hence more energy losses (i.e. rolling-resistance) due to hysteresis damping. 
Contrarily, for the tyre outer diameter, it has been found that bigger outer diameter(s) 
would help noticeably in further lowering the rolling-resistance.10,17,29,57,58,66 This comes 
about as the outer diameter is interrelated to the zone size of the tyre’s contact patch and 
in turn to the vertical load on the tyre and, by being longer, it would provide the tyre with 
more strength and lower bending deformation at the contact patch at the same vertical 
load, leading to lower mechanical energy losses.17,29 
 
There is an emerging shift toward the development and usage of high profile (i.e. taller 
and slimmer) tyres by vehicle and tyre producers like “Fiat Chrysler” which is working 
on developing promising high profile tyres to help in lowering the rolling-resistance and 
the compromises with other tyre features such as weight, braking and handling.77 
However, other producers prefer using low profile (i.e. shorter and broader) tyres to gain 
an improved performance with respect to steering, cornering, grip, traction, and braking 
but at the cost of negatively impacting the rolling-resistance and the ride comfort.17,78 The 
high profile tyres provide performances which are contrary to this. 
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Using either low or high profile tyres will always include some sort of compromises 
between the tyre features as indicated earlier. An emergent idea, that may significantly 
minimise the compromise that exists between the usage of low and high profile tyres, is 
the usage of “variable tyre profile” that would allow the tyre to dynamically shift between 
low and high profiles whenever required, based on the driving conditions. Such a concept 
is already under investigation by “Goodyear” since 2015 as it looks forward to 
developing a “triple tube” tyre in the future.79 
 
Nevertheless, this concept is still at the design stage and yet to be made and applied 
practically as the current literature does not offer any real investigative researches on the 
subject. If it is to be made real successfully, the “variable tyre profile” would offer a more 
effective approach to tackle the different vehicle requirements, with respect to the drive 
performance and the fuel consumption, since the existent literature provides constant 
modifications only to the tyre profile which are quite inefficient in meeting the various 
requirements mentioned earlier as they need different dimensional features from the tyre. 
 
2.3 Via Materials: 
This section looks at the effect of altering the tyre material(s) on the rolling-resistance in 
which the findings are summarized in table (4).  
 
Across the literature, the tyre materials are found to be a major research area with a large 
base of findings and continuous development work. This is due to the tyre material 
hysteresis being held as the major cause of the rolling-resistance (i.e. 80%-95% of 
rolling-resistance) as indicated previously. Mainly, the automobile’s tyres are built from 
22 
 
“rubber components” and “reinforcement cords” that require more than 200 raw 
materials, which 
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Table (4): Developments in the Tyre’s Materials 
(Improvement / Change Introduced)
Speed
Vertical 
Load
Inflation 
Pressure
1 28 Usage of different tread polymers
Polymers ranked from having low to 
high RR respectively:  Natural rubber, 
cls-polybutadiene (BR), solution 
styrene-butadiene (SBR), emulsion 
styrene-butadiene (SBR), 
polybutadiene (BR), polyisoprene (IR) 
and butly.
Experimental ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶―
Radial Passenger-Car 
Tyres of the same size, 
tread design & tread 
hardness. 
All treads had the same 
composition percentage of 
carbon-black and aromatic-
oil
2 84
The shoulders and the central portion of 
tyre tread have different polymers
Lower RR and Better Traction (grip) Experimental ̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶―
Radial Passenger-Car 
Tyres of the same size
According to ISO 28580 / US 
Patent 20160016435
3 85
Variation of tread material contents / 
ingredients (i.e. Polymer, carbon-black, 
oil and curatives) 
A decrease in dry-traction by 5% and 
wet-traction by 7% at 30km/h to 15% at 
100km/h for a 10% decrease in RR. 
Experimental ↑ ? ? N/A
4 86
A tread material with different 
hysteresis properties at different 
temperature and frequency ranges 
where RR and traction occur
Tread material to offer low hysteresis 
at low temperatures & frequencies for 
low RR. The opposite for better 
traction
Analytical ? ? ?
For RR, at (~50°C) and (~10-
150Hz). For wet traction,  
at (~100-150°C) and 
(~50kHz - 1 MHz).
Based on the occurrence of 
grip and RR at different 
temperatures and 
deformational frequencies
5 61
6 87
7 88
8 88
Manipulate molecular 
weight distribution by 
blending polymers with 
different molecular 
weights
9 89
Different molecular 
weight distribution by 
blending various 
monodisperse polymers
10 90
Usage of Random 
Branching to change 
molecular weight & its 
distribution
11 91
12 92
13 20
14 17
Reduce reinforcing filler concentration 
in rubber compound(s) (i.e. widen 
distance between the filler aggregates).
Minimize the energy dissipation and 
the RR
Experimental ? ? ?
A) Minimising filler 
volume without changing 
the filler aggregate size or 
vice versa.
B) Improving the filler 
distribution in the rubber 
compound. 
Approach (A) has limited 
room for improvements.
Approach (B) causes the 
manufacturing process to 
be more difficult and 
expensive.
15 93
A “nano-molecular base” for tyre's cap-
ply.
Enhance grip and minimise heat 
dissipation and RR too.
Experimental ? ? ? Nokian’s WR-A3 tyre 
16 93 A nano-coating for tyre tread. 
Lower heat dissipation and therefore 
RR.
Experimental ? ? ? Bridgestone’s Ecopia tyre
17 93 Tyre with carbon Nano-tubes.
Enhance tyre’s mechanical properties 
like tensile strength (by ~600%) and 
hardness (by ~70%) leading to lower 
tyre’s deformation compared to SBR 
tyres.
Experimental ? ? ? N/A
18 94
Nano-meter Silica, as fillers, for 
improved distribution with styrene 
butadiene rubber-compound.
 Better grip and RR Experimental ? ? ?
Giti Radial Champiro UHP 
Tyres 
19 34
Usage of different cords reinforcement 
materials (i.e. for carcass & belts)
- Aramid carcasses and belts had a 
significant impact on lowering RR.
- Rayon carcasses caused higher RR.
- The rest of materials did not exhibit 
major differences on RR.
Experimental 
(Cost Down & 
Constant 
Speed Wheel 
Testing)
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶―
HR78-15 Poly-steel Radial 
tyres of the same design 
Tested materials: Carcass 
(i.e. aramid, nylon, rayon, 
polyester and fiberglass). 
Belt (i.e. steel, aramid and 
fiberglass)
20 34
Usage of different reinforcement’s 
(carcass and belt) weight
Increase in weight would normally 
lead to significant increase in RR.
Experimental 
(Cost Down & 
Constant 
Speed Wheel 
Testing)
̶̶̶̶̶― ̶̶̶̶̶― ̶̶̶̶̶―
HR78-15 Poly-steel Radial 
tyres of the same design 
21 95
Usage of "electro-rheological fluid 
(ERF)" as a smart filler for two types of 
tyre polymers (i.e. "Electrospun 
polymer Fabrics" and "silicon rubber") 
Adjustable tyre viscosity (internal 
dampening) and hence tuneable RR.
Experimental 
(using Wood 
Pendulum 
Acoustic 
Emission 
Device)
N/A N/A N/A
For ERF reinforced 
electrospun polymer(s), 
ERF/PVDF 
(Polyvinylidene fluoride) 
and ERF/PCL 
(Polycaprolactone) were 
studied.
̶̶̶̶̶― ↑  : Increase   ↘  : Slight Decrease
→ ↓  : Decrease   ?    : Not Stated / Unknown
↕  ↗  : Slight Increase N/A : Not Applicable
Modification to Polymer’s 
Macrostructure: Decreasing chain-end 
concentration through reducing 
molecular weight distribution 
For frequency range of 1 
to 110 Hz, at 50 to 70 °C for 
RR and at -20 to 20 °C for 
???
Analytical (time-
temperature 
superposition 
principle)
Tread material to provide high loss-
tangent at low temperatures for 
higher traction and the opposite for 
A tread material with a close glass-
transition temperature to that of 
traction domain
???Experimental
Decrease the material hysteresis and 
hence RR too
Remarks
Study 
No.
Reference 
/ Source
Tyre's Material(s) Influence on Rolling Resistance (RR)
Investigation
Method / 
Approach
Operating Conditions
Others
Increasing the interaction 
between polymer-chains 
and carbon-black via 
???
: Fixed, Constant, Remain Unchanged or No Change
Experimental
Table Key Indicator
: Variable or fluctuating (with no particular Pattern)
: Almost No Change or Marginal Change (i.e. 
significant minimization in RR A better dispersion of carbon-black
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make the tyre of a complex build, to attempt meeting the various driving conditions and 
requirements.80,81 
 
The current literature tackles the development of the tyre materials for low rolling-
resistance from two perspectives; one is seeking low hysteresis rubber materials and the 
other is looking for reduced tyre deflection by amending the reinforcement cords.7,34,38 
The emphasis of the research work has been toward the first perspective (i.e. rubber 
components) since it has a predominant influence on the rolling-resistance compared to 
that of reinforcement cords.28,34 
 
For the rubber materials, the “tyre’s tread” holds the majority of the research interest and 
focus for decreasing the rolling-resistance and improving the traction grip.10,20,29,82 This is 
because the rubber part of the tyre tread, apart from having a big mass, has been shown to 
be responsible for most of the hysteresis energy losses (i.e. ~70%) compared to other 
parts of the tyre (i.e. Sidewall (~15%) and Beads (~15%)).10,28,83 
 
In the area of tyre rubber developments, many approaches were investigated as illustrated 
in table (4). One of the early approaches was the usage of “diverse polymer types” for the 
tread which proved that the diverse polymer types would have various effects on the 
rolling-resistance too, with the natural rubber having the least rolling-resistance among 
the other polymer types.28 Several researches were then done based on the approach of 
“tread polymer macrostructure” which involved improving the rolling-resistance through 
lowering the polymer chain-end concentration by either decreasing the molecular weight 
distribution, reducing chain branching, or increasing the primary chain’s number-average 
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molecular weight (i.e. total molecules weight / total molecules number).20,88,89,90 Another 
way was through the chain-end coupling to enhance the carbon-black spreading via 
raising the interaction between the polymer chains and the carbon-black.91,92       
 
Yet another approach was the suggestion to design a “tread polymer microstructure” with 
a glass transition temperature and frequency that would provide a low rolling-resistance 
and a good traction grip respectively at their relevant temperatures and frequencies as 
they occur at different ranges and both of them are necessary for efficient tyre 
operation.10,20,61,86,87,88,96,97 Hence, it is necessary to ensure that the microstructure design 
would keep a good equilibrium of the tyre’s properties like the glass-transition 
temperature, the hysteresis-damping, and tensile strength to have proper tyre rolling-
resistance and traction.97-100 Nonetheless, altering the polymer microstructure is not a 
simple task as it would affect the macrostructure as well, where the macrostructure is 
found to have a much greater impact on the rolling-resistance compared to that of 
microstructure.20,89,90,101  
 
More recently, lowering the “filler chemicals concentration” in the tyre’s rubber 
composite is an alternative approach that has been tried to reduce the rolling-
resistance.10,17 This was done through increasing the spaces between the filler aggregates 
by either lowering the filler volume fraction and leaving the filler aggregates size the 
same, performing the opposite to the earlier procedure, or making the filler distribution 
more uniform in the rubber composite. A flourishing development area is the approach of 
implementing “Nano particles” into the material construction of various tyre parts to 
enhance their characteristics especially with regard to reducing the rolling-
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resistance.29,93,94 This includes the use of a nano molecular base for the cap ply and a 
nano coating for the tread to reduce the heat losses, carbon nano tubes to improve tyre’s 
tensile strength and stiffness, a nano clay to enhance the inflation air containment inside 
the tyre, and nano meter silica-fillers to enhance their distribution within the tyre rubber 
composite.  
 
“Intelligent or smart materials” approach concerns the utilization of materials with 
integrated sensor, actuator, and control unit to detect a particular signal (e.g. electricity or 
magnetic field) in the environment, respond to this signal by a prearranged behaviour 
(e.g. shape or damping change), and revert to their original state when the signal is 
off.5,102-106 This field is not fully transparent but yet it is a fast developing area with a 
large scale of potential uses in tyre operation because of the promising abilities such 
materials hold especially with the trend toward automation in vehicles nowadays.106,107 
Nevertheless, presently, the only effective tyre application it is used for in the market is 
the tyre pressure sensor(s), which comes normally with a piezoelectric material, while 
many developments are still in the laboratory stage due to technical obstacles like 
manufacturing difficulties, interferences in work mechanism, communication problems, 
durability, cost, and reliability.108 Chen’s95 laboratory development of smart fillers for the 
tyre polymers is an example on that as shown in table (4). 
    
For the tyre “reinforcement cords”, the utilisation of diverse cord materials was found to 
have different effects on the rolling-resistance with the Aramid material having 
noticeable influence on reducing the rolling-resistance and the Rayon material having a 
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contrary influence. Furthermore, increasing the mass of the tyre cords was found to raise 
the rolling-resistance as well.34    
 
In general, the development research on the tyre’s materials is found to have the least 
degree of design flexibility or freedom among the other development areas of the tyre 
(e.g. dimensional and body structure features) in which it is very difficult to make 
substantial development changes.28,83 This can be attributed to a number of reasons. First 
are the inevitable compromises that occur between the rolling-resistance and the other 
tyre characteristics (e.g. traction grip, wear resistance, and cushion) when the tyre 
materials are subject to change to achieve specific vehicle requirements.20,109 Secondly, it 
is extremely hard to produce a tyre rubber composite that would accommodate low 
rolling-resistance and other conflicting characteristics (e.g. excellent grip or improved 
wear resistance) as this would require dissimilar material properties and manufacturing 
requirements.10,17 Lastly, the complexity of the type and the size of the relationships 
between the rolling-resistance and the other tyre design and operational parameters make 
it problematic and hard to specify the rolling-resistance via analytical analyses. This 
leaves the specification of the rolling-resistance almost relying on experimental work 
alone, which tends to be very costly and time-consuming with little outcomes in return.109 
However, increasingly, numerical simulation is being utilised to help in defining the 
rolling-resistance, which provides a reasonable assessment tool.20,110,111 
 
3. Summary and Conclusion:  
In this review, the researches on the tyre designs for low rolling-resistance were looked at 
from three perspectives; the structural build-up, the dimensional features, and the 
28 
 
materials compound(s). It has been found that the tyre distortion at the contact-patch zone 
is principally responsible for the rolling-resistance. In other words, the larger the contact-
patch zone and the greater the tyre distortion; the higher the rolling-resistance generated 
in the tyre.  Furthermore, aside from the tyre design, the tyre operational parameters are 
found to have a great impact on the rolling-resistance (i.e. normal load, rolling speed and 
inflation pressure) that their input need to be taken into account in tyre designing for low 
rolling-resistance.  
 
A key obstacle encountered in the tyre development is reducing the rolling-resistance 
without a trade-off with the other tyre main performance characteristics. This tends to be 
a very difficult and nearly non-achievable task because of the interference and the 
complexity of the relationship of the rolling-resistance with many of the tyre’s 
operational characteristics required to meet the broad and diverse targeted functions of 
the tyre. Such a challenge has made tyre designing for low rolling-resistance analytically 
unreliable hence the only option left is the costly trial-and-error experimental 
investigations. However, numerical solution is now increasingly being used to assist with 
the experimental tyre designing to lower the costs. Another effect of this challenge is that, 
usually, the developments achieved in lowering the rolling-resistance may be restricted to 
the particular tyre type and design used in the development. 
 
Nevertheless, there are a number of the tyre development approaches which have proven 
to have nearly consistent and obvious impact on reducing the rolling-resistance. 
Compared to the tyre design parameters, the tyre’s operational parameters were found to 
impact more consistently and have bigger influence on the rolling-resistance besides 
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having a wider range. In terms of the design parameters, the developments of tyre 
materials have the slightest degree of design flexibility among the other tyre design 
aspects.  
 
Generally, there are several growing trends of research developments found to attract 
increasing interest and hold promising potentials/gains in lowering the rolling-resistance. 
The “non-pneumatic (air-free) tyres” are one of those growing trends which is a concept 
involving cutting down and re-distributing the mass in the tyre’s structure. This trend is 
yet to be as effective and reliable as the conventional pneumatic tyres in meeting the full 
vehicle operational requirements. Another promising trend is the “variable tyre profile” 
which is a concept that aims to allow the tyre to change its aspect ratio dynamically 
during rolling. This concept is yet to be extensively researched, experimentally 
investigated, and practically tried. 
 
Moreover, the usage of “Nano technology” in enhancing the properties of tyre materials 
is another growing trend with many new possibilities yet to explore. A much wider and 
promising trend is the “intelligent materials” which involves the use of sensors, Nano 
materials, magnetic materials, and more to further automate the tyre structure to self-
function more effectively as the situation dictates. This is a challenging trend with many 
growing targets to achieve and infinite options of potential material resources and 
arrangements to use. The increasing use of numerical simulation can only help in 
speeding up the investigation of these new technologies and reducing costs in the 
development of a new generation of tyres needed to ensure the sustainability of road 
transportation. 
30 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Funding and Conflict of Interest: 
 
‘The author(s) received no financial support for the research, authorship, and/or 
publication of this article’. 
 
‘The Author(s) declare(s) that there is no conflict of interest’ 
 
 
31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References: 
 
1. Andrzejewski R and Awrejcewicz J. Nonlinear Dynamics of a Wheeled Vehicle. 
Volume 10 of Advances in Mechanics and Mathematics. New York: Springer 
Science+Business Media Inc., 2005. 
 
2. Beken S. From an ancient Mayan ball game to rocket fuel: the limitless application of 
rubber. The Knowledge Transfer Network, http://www.ktn-uk.co.uk/from-an-ancient-
32 
 
mayan-ball-game-to-rocket-fuel-the-unending-application-of-rubber/ (19 May 2015, 
Accessed: 28 October 2015).  
 
3. ReportLinker. World Pneumatic Tire Market - Opportunities and Forecasts, 2014 – 
2020, http://academic.reportlinker.com/p03270800-summary/World-Pneumatic-Tire-
Market-Opportunities-and-Forecasts.html (2015, Accessed: 27 October 2015). 
 
4. Świeczko-Żurek B, Ejsmont J and Ronowski G. Reduction of Tire Rolling Resistance 
by Optimization of Road Surfaces and Tires. In: Troisième Congrès Tunisien de 
Mécanique, Poland, 24-26 March 2014, Poland: Technical University of Gdansk.   
 
5. Yang X. Finite Element Analysis and Experimental Investigation of Tyre 
Characteristics for Developing Strain-Based Intelligent Tyre System. Doctor of 
Philosophy Thesis, University of Birmingham, UK, 2011. 
 
6. Erdogan G. Lateral and Longitudinal Tire Forces. Tire Modeling, 
www.menet.umn.edu/~gurkan/Tire%20Modeling%20%20Lecture.pdf (2009, Accessed: 
22 June 2015). 
 
7. Trinko MJ. Tire Stress Analysis. In: Brewer HK, Clark SK, Gent AN et al. The 
Pneumatic Tire. U.S.A: U.S. Department of Transportation, National Highway Traffic 
Safety Administration, 2006, pp. 206-230. 
 
33 
 
8. Mavros G. Tyre models for vehicle handling analysis under steady-state and transient 
manoeuvres. Doctor of Philosophy Thesis, Loughborough University, UK, 2005. 
 
9. Schuring DJ. A New Look at the Definition of Tire Rolling Loss. In: Tire Rolling 
Losses and Fuel Economy—an R&D Planning Workshop, SAE Conference Proceedings, 
1977, Volume P-74, pp. 31-37. 
 
10. LaClair TJ. Rolling Resistance. In: Brewer HK, Clark SK, Gent AN et al. The 
Pneumatic Tire. U.S.A: U.S. Department of Transportation, National Highway Traffic 
Safety Administration, 2006, pp. 475-532. 
 
11. Pillai PS. Effect of tyre overload and inflation pressure on rolling loss (resistance) and 
fuel consumption of automobile and truck/bus tyres. Indian Journal of Engineering & 
Materials Sciences 2004; Volume (11), pp. 406-412.  
 
12. Michelin. True or false? Putting an end to the myths behind truck tyres and fuel 
economy, 
http://trucks.michelin.co.uk/content/download/10219/206516/version/22/file/MichelinTra
nsport-Livre-Blanc-EN.pdf (2012, Accessed 14 October 2015). 
 
13. Michelin. The Tyre Grip, http://automotive.ing.unibs.it/~gadola/Michelin/GRIP.PDF 
(2001, Accessed: 05 November 2015). 
 
34 
 
14. Redrouthu BM and Das S. Tyre modelling for rolling resistance. Master thesis, 
Chalmers University of Technology, Sweden, 2014. 
 
15. Schuring D. Effect of tire rolling loss on vehicle fuel consumption. Tire Science and 
Technology, TSTCA 1994; Volume (22), No. 3, July–September, pp.148–161. 
 
16. Lindemuth BE. An Overview of Tire Technology. In: Brewer HK, Clark SK, Gent 
AN et al. The Pneumatic Tire. U.S.A: U.S. Department of Transportation, National 
Highway Traffic Safety Administration, 2006, pp. 01-27. 
 
17. Michelin. The tyre: rolling resistance and fuel savings, 
http://www.dimnp.unipi.it/guiggiani-m/Michelin_Tire_Rolling_Resistance.pdf (2003, 
Accessed: 13 February 2016). 
 
18. Jae E. Data Directory: Future Market Insights on specialty silicas. Tire Technology 
International 2015; Volume (November 2015), pp. 70. 
 
19. Schuring DJ. The Rolling Loss of Pneumatic Tires. Rubber Chemistry and 
Technology 1980; Volume (53), No. 3, pp. 600-727. 
 
20. Schuring DJ and Futamura S. Rolling Loss of Pneumatic Highway Tires in the 
Eighties. Rubber Chemistry and Technology 1990; Volume (63), No. 3, pp. 315-367, doi: 
http://dx.doi.org/10.5254/1.3538261. 
 
35 
 
21. Shaw D. Interview: New force rising (Hee-Jong Lee, Nexen: The tech center chief on 
Nexen’s European expansion. Tire Technology International 2015; Volume (November), 
pp. 30-34. 
 
22. International Energy Agency (IEA). IEA Work for the G8: 2008 Messages. Hokkaido 
(Japan): IEA, 2008. 
 
23. Heeps G. Expo interview: Dufournier: A new tire labeling and R&D test facility. Tire 
Technology International 2015; Volume (November), pp. 36-38. 
 
24. Schuring DJ. In: Tire Society Seventh Annual Meeting and Conference, Akron, March 
22-23 March 1988, Ohio: Tire Society and Technology. 
 
25. Hall DE and Moreland JC. Fundamentals of Rolling Resistance. Rubber Chemistry 
and Technology 2001; Volume (74), No. 3, pp. 525-539. 
 
26. Khanger R and Bardhan A. Challenges in Developing Low Rolling Resistance Tyre. 
SAE International, paper doi:10.4271/2015-01-0053, 2015. 
 
27. Transportation Research Board. Tires and passenger vehicle fuel economy - 
Informing Consumers, Improving Performance. Special Report 286, 2006. Washington, 
D.C: National Research Council of The National Academies.  
 
36 
 
28. Hunt JD, Walter JD and Hall GL. The Effect of Tread Polymer Variations on Radial 
Tire Rolling Resistance. In: Tire Rolling Losses and Fuel Economy – An R&D Workshop, 
Cambridge (MA), 18-20 October 1977, pp. 161-168. Michigan: Society of Automotive 
Engineers. 
 
29. Juhala M. Improving vehicle rolling resistance and aerodynamics. In: Folkson R. 
Alternative Fuels and Advanced Vehicle Technologies for Improved Environmental 
Performance - Towards Zero Carbon Transportation. Cambridge: Woodhead Publishing 
Limited, 2014, pp. 462-475. 
 
30. Yokohama Rubber. Tire Care & Safety: Rolling Resistance and Fuel Consumption, 
http://global.yokohamatire.net/learn/care_safety/rolling_resistance.html (2016, Accessed: 
18 April 2016). 
 
31. Sandberg U, Haider M, Conter M, et al.  Rolling Resistance – Basic Information and 
State-of-the-Art on Measurement Methods, http://miriam-
co2.net/Publications/MIRIAM_SoA_Report_Final_110601.pdf (2011, Accessed: 23 
October 2015). 
 
32. Clark SK and Dodge RN. A Handbook for the Rolling Resistance of Pneumatic Tires. 
Michigan: Industrial Development Division – Institute of Science and Technology – The 
University of Michigan, 1979.  
 
37 
 
33. Clark SK. Brief History of Tyre Rolling Resistance. In: Rubber Division Symposia: 
Tire Rolling Resistance, Akron, 1983, Volume (1), pp. 1-23. Ohio: American Chemical 
Society. 
 
34. Vorachek JJ, Dill RJ and Montag RJ. Effect of Passenger Tire Reinforcing Materials 
on Rolling Resistance. In: Tire Rolling Losses and Fuel Economy – An R&D Workshop, 
Cambridge (MA), 18-20 October 1977, pp. 169-178. Michigan: Society of Automotive 
Engineers. 
  
35. Kraus J. Michelin and the Birth of the Radial Tyre. Auto Universum: Jet Age 
Motoring, https://autouniversum.wordpress.com/2011/03/07/michelin-and-the-birth-of-
the-radial-tire/ (2011, Accessed: 04 November 2015). 
 
36. Klamp WK. Power Consumption of Tires Related to How They Are Used. In: Tire 
Rolling Losses and Fuel Economy – An R&D Workshop, Cambridge (MA), 18-20 
October 1977, pp. 05-11. Michigan: Society of Automotive Engineers. 
 
37. Campbell KL. A Comparison of Radial and Non-Radial Tire Construction with 
Respect to Rolling Resistance and Vehicle Fuel Economy. In: Tire Rolling Losses and 
Fuel Economy – An R&D Workshop, Cambridge (MA), 18-20 October 1977, pp. 13-19. 
Michigan: Society of Automotive Engineers. 
 
38. Pauwelussen JP. Fundamentals of Tire Behavior. In: Pauwelussen JP. Essentials of 
Vehicle Dynamics. Tokyo: Elsevier Ltd, 2015, pp.7-74. 
38 
 
 
39. Thompson GD and Myriam T. Variations in Tire Rolling Resistance – A “Real 
World” Information Need. In: Tire Rolling Losses and Fuel Economy – An R&D 
Workshop, Cambridge (MA), 18-20 October 1977, pp. 49-63. Michigan: Society of 
Automotive Engineers. 
 
40. Bosch GmbH R. Automotive Handbook. 2nd edition. Germany: Society of 
Automotive Engineers, 1986, ISBN 10: 3184180069 / ISBN 13: 9783184180065. 
 
41. Yurjevich M. The Effect of Stabilizer Ply Geometry on Rolling Resistance and 
Cornering Force Properties. SAE Technical Paper 810065, doi:10.4271/810065, 1981. 
 
 
42. Walter SL. The Effects of Five Basic Design and Construction Parameters on Radial 
Tire Rolling Resistance and Cornering Force. SAE Technical Paper 830160, 
doi:10.4271/830160, 1983. 
 
43. Keefe R and Koralek A. Precision measurement of tire rolling resistance. In: Rubber 
Division Symposia, Akron, 1983, Volume 1, pp.78-104. Ohio: American Chemical 
Society, Rubber Division. 
 
44. Williams AR. The Influence of Tyre and Road Surface Design on Tyre Rolling 
Resistance. In: Technical papers 1981 Proceedings of IP/DGMK Joint Meeting, London, 
39 
 
UK, 27-29 May 1981, Monograph IP 81-003, doi:10068/657163. London: Institute of 
Petroleum.  
 
45. Gerresheim M. Dependence of Vehicle Fuel Consumption on Tyre/Wheel Assembly. 
In: Proceedings of the Conference Automobile Wheels and Tyres, Penns Hall Hotel 
(Sutton Coldfield), UK, 18-19 October 1983, ISBN: 0-58298-524-X, pp. 51-63. England: 
Mechanical Engineering Publications Limited. 
 
46. Knight RE. Correlation of Truck Tire RolIing Resistance as Derived from Fuel 
Economy and Laboratory Tests. SAE special Report SP-546, 97, Society of Automotive 
Engineers, USA, 1983. 
 
47. Sandstrom PH, Goldstein AA, Darab JM, et al. Stiffness Enhanced Tread. Patent No: 
US 2016/0001605 A1, USA, 2016. 
 
48. Rhyne TB and Cron SM. Development of a Non-Pneumatic Wheel. Tire Science and 
Technology, TSTCA 2006; Volume (34), No. 3, pp.150–169. 
 
49. Ju J, Veeramurthy M, Summers JD, et al. Rolling resistance of a non-pneumatic tire 
having a porous elastomer composite shear band. Tire Science and Technology 2013; 
Volume (41), No. 3, pp.154–173. 
 
40 
 
50. Ju J, Ananthasayanam B, Summers JD, et al. Design of cellular shear bands of a non-
pneumatic tire-investigation of contact pressure. SAE International Journal of Passenger 
Cars-Mechanical Systems 2010; Volume (3), No. 1, pp.598–606. 
 
51. Ju J and Summers JD. Hyperelastic constitutive modeling of hexagonal honeycombs 
subjected to in-plane shear loading. Transactions of the ASME: Journal of Engineering 
Materials and Technology 2011; Volume (133), No. 1, pp.1–8, doi:10.1115/1.4002640. 
 
52. Davies K. Reinventing the wheel: Forget punctures American firm unveils airless 
tires which will spare you a journey to the pump. Daily Mail Online, 
http://www.dailymail.co.uk/news/article-2289867/Reinventing-wheel-Forget-punctures-
American-firm-unveils-airless-tires.html (2013, Accessed 08 April 2016). 
 
53. Kaufman G, Triana D, Blouin V, et al. Wear resistance of lunar wheel treads made of 
polymeric non-woven fabrics. In: SAE World Congress and Exhibition, Tire and Wheel 
Technology, Cobo Center, USA, 20-23 April 2009, paper no. 09AC-0109, pp.44–52. 
Michigan: SAE. 
 
54. Ma J, Ju J, Ananthasayanam B, et al. Effects of cellular shear bands on interaction 
between a non-pneumatic tire and sand. In: SAE World Congress and Exhibition, Tire 
and Wheel Technology, Cobo Center, USA, 13-15 April 2010, SAE Technical Paper doi: 
10.4271/2010-01-0376. Michigan: SAE. 
 
41 
 
55. Rutherford W, Bezgam S, Proddaturi A, et al. Use of orthogonal arrays for efficient 
evaluation of geometric designs for reducing vibration of a pneumatic wheel during high 
speed rolling. Tire Science and Technology 2010; Volume (38), pp.246–275. 
 
56. Narashmhan A, Ziegert J and Thompson L. Effects of material properties on static 
load deflection and vibration of a non-pneumatic tire during high-speed rolling. SAE 
International Journal of Passenger Cars-Mechanical Systems 2011; Volume (4), No. 1, 
pp.59–72. 
 
57. Pillai PS and Fielding-Russell GS. Effect of Aspect Ratio on Tire Rolling Resistance. 
Rubber Chemistry and Technology 1991; Volume (64), No. 4, pp. 641-647, doi: 
http://dx.doi.org/10.5254/1.3538579. 
 
58. Clark SK. Geometric Effects on the Rolling Resistance of Pneumatic Tires. In: Tire 
Rolling Losses and Fuel Economy – An R&D Workshop, Cambridge (MA), 18-20 
October 1977, pp. 111-119. Michigan: Society of Automotive Engineers. 
 
59. Walter J. Fuel economy and effective mass: The tire's place in fuel economy. Tire 
Technology International 2016; Volume (March), pp. 16. 
 
60. Treichel D. Possibilities of reducing the rolling resistance of commercial vehicle tyres 
and effects on fuel consumption (in German). In: Proceedings of the 19th International 
Fisita Congress, Melbourne, 8-12 November 1982, Paper No.: SAEA 82087, pp. 87.1. 
Australia (Victoria):  Society of Automotive Engineers. 
42 
 
 
61. Yoshimura N, Okuyama M and Yamagishi K. The Present Status of Research on 
Rolling Resistance in Japan. In: ACS 122nd Rubber Division Meeting - Symposium: Tire 
Rolling Resistance, D. J. Schuring, ed., Chicago (Illinois), 5-7 October 1982, pp. 51-68. 
Akron (Ohio): American Chemical Society. 
 
62. Klingbeil WW. (On) The effect of aspect ratio on rolling loss of radial passenger car 
tires. (presented to) ASTM F-9 Committee on Tires. Richfield, Ohio, November 1989. 
 
63. Balbis MG. Effect of Aspect Ratio on Tyre Rolling Loss. In: Proceedings of the 
Conference Automobile Wheels and Tyres, Penns Hall Hotel (Sutton Coldfield), 18-19 
October 1983, ISBN: 0-85298-524-X, pp. 125-132. England: Mechanical Engineering 
Publications Limited. 
 
64. Mathevet AA. Selecting a Tyre for Reduced Rolling Resistance, Aerodynamic Drag, 
Fuel Consumption and Weight. In: Proceedings of the Conference Automobile Wheels 
and Tyres, Penns Hall Hotel (Sutton Coldfield), 18-19 October 1983, ISBN: 0-85298-
524-X, pp. 87-91. England: Mechanical Engineering Publications Limited. 
 
65. Curtiss W. Low Power Loss Tires. SAE International - Technical Paper 690108, 
ISSN 0148-7191, doi:10.4271/690108, 1969. 
 
66. Taborek JJ. Mechanics of Vehicles. Cleveland (Ohio): Penton Publishing Co, 1957. 
 
43 
 
67. Dijks A. Rolling resistance measurements with a piezoelectric measuring System. 
Report No. P204, Delft University of Technology – Vehicle Research Laboratory, 
Netherlands, 1980. 
 
68. Rhode D. Investigation into the Influence Parameters on Rolling Resistance and the 
Development of an Energy Optimized Tire. In: 6th Annual Meeting of Tire Society, 
Akron University, 24-25 March 1987, Ohio: Tire Society.  
 
69. Bosik AJ, Dunn TR and Critch CJ. Comparison of Laboratory and On-Long Road 
Truck Tire Rolling Resistance for Various Tire Tread Depths. SAE International - 
Technical Paper 880584, doi:10.4271/880584, ISSN: 0148-7191, 1988. 
 
70. Ebbott TG, Hohman RL, Jeusette JP et al. Tire Temperature and Rolling Resistance 
Prediction with Finite Element Analysis. Tire Science Technology 1999; Volume (27), 
pp. 2–21. 
 
71. Shida Z, Koishi M, Kogure T et al. A Rolling Resistance Simulation of Tires Using 
Static Finite Element Analysis. Tire Science and Technology 1999; Volume (27), No. 2, 
pp. 84–105. 
 
72. Wei YT, Tian ZH and Du XW. A Finite Element Model for the Rolling Loss 
Prediction and Fracture Analysis of Radial Tires. Tire Science and Technology 1999; 
Volume (27), pp. 250–276. 
 
44 
 
73. Clark JD and Schuring DJ. Load, Speed, and Inflation Pressure Effects on Rolling 
Loss Distribution in Automobile Tires. Tire Science and Technology, TSTCA 1988; 
Volume (16), No. 2, April-June, pp. 78-95. 
 
74. Srirangam SK, Anupam K, Kasbergen C et al. Study of Influence of Operating 
Parameters on Braking Friction and Rolling Resistance. Journal of the Transportation 
Research Board 2015; Record No. 2525, pp. 79–90, doi: 10.3141/2525-09. 
 
75. Thieme H Van Eldik, Dijks AJ and Bobo S. Measurement of Tire Properties. In: 
Clark SK (ed) Mechanics of Pneumatic Tires. Washington D.C.: U.S. Department of 
Transportation, 1981, pp. 541-720. 
 
76. Yang X, Behroozi M and Olatunbosun OA. A Neural Network Approach to 
Predicting Car Tyre Micro-Scale and Macro-Scale Behaviour. Journal of Intelligent 
Learning Systems and Applications 2014; Volume (6), pp. 11-20, doi: 
http://dx.doi.org/10.4236/jilsa.2014.61002. 
 
77. Martino M. Speaker Spotlight: Fiat Chrysler Automobiles: Vehicle Dynamics 
Evaluation of Standard and Innovative Tires. Tire Technology International 2015; 
Volume (November), pp. 102. 
 
78. Lawson T. Low profile tyres: how low can you go?. CarAdvice, 
http://www.caradvice.com.au/291176/low-profile-tyres-how-low-can-you-go/ (2014, 
Accessed 13 Februray 2016).  
45 
 
 
79. Evans R. Concept tires: Goodyear’s electricity-generating concept and a tire that 
inflates and deflates according to road conditions. Tire Technology International 2015; 
Volume (March), pp. 46. 
 
 
 
80. Michelin. MICHELIN tires: over 200 raw materials to improve efficiency, 
http://www.michelin.com/eng/michelin-group/products-services/michelin-tires (2016, 
Accessed 18 January 2016).  
 
81. Rodgers B and Waddell W. Tire Engineering. In: Mark JE, Erman B and Roland M. 
(ed.) The Science and Technology of Rubber. 4th Edition. USA: Elsevier Inc., 2013, pp. 
653-695, http://dx.doi.org/10.1016/B978-0-12-394584-6.00014-5. 
 
82. Nair SS, Chandra AK and Mohamed PK. Reducing rolling resistance with improved 
tread design and new materials. Tire Technology International 2008. 
 
83. Bay Systems. Thermal measurement. Tire Technology International 2015; Volume 
(November), pp. 111. 
 
84. Volk H, Struebel C and Mueller N. Pneumatic Vehicle Tire. Patent No: US 
20160016435 A1, USA, 2016. 
 
46 
 
85. Martini ME. Passenger Tire Rolling Loss: A Tread Compounding Approach and Its 
Tradeoffs. In: Schuring DJ (ed.) Tire Rolling Resistance. Akron (Ohio): American 
Chemical Society, 1983, pp. 181–197. 
 
86. Bond R, Morton GF and Krol LH. A tailor-made polymer for tyre applications. 
Polymer 1984; Volume (25), Issue 01, pp. 132-140, doi: 10.1016/0032-3861(84)90278-7.  
 
87. Funt JM. Dynamic properties and compound performance. Rubber World 1986; 
Volume (194), No. 3, June, pp. 25. 
 
88. Yoshioka A, Komuro K, Ueda A et al. Structure and Physical Properties of High-
Vinyl Polybutadiene Rubbers and Their Blends. Pure and Applied Chemistry 1986; 
Volume (58), No. 12, pp. 1697—1706.  
 
89. Takao H and Imai A. In: International Rubber Conference Proceedings: IRC ’85, 
Kyoto, 15-18 October 1985, pp. 465. Japan: 012 Japan Society of Rubber Industry. 
 
90. Kern WJ and Futamura S. Effect of tread polymer structure on tyre performance. 
Polymer 1988; Volume (29), Issue 10, pp. 1801-1806, doi: 10.1016/0032-
3861(88)90394-1.  
 
91. Fujimaki T, Ogawa M, Yamaguchi S et al. In: International Rubber Conference 
Proceedings: IRC’85, Kyoto, 15-18 October 1985, pp. 184. Japan: 012 Japan Society of 
Rubber Industry. 
47 
 
 
92. Oshima N, Tsutsumi T and Sakakibara M. In: International Rubber Conference 
Proceedings: IRC’85, Kyoto, 15-18 October 1985, pp. 178. Japan: 012 Japan Society of 
Rubber Industry. 
 
93. Felix DG and SivaKumar G. Nano particles in Automobile Tires. IOSR Journal of 
Mechanical and Civil Engineering 2014; Volume (11), Issue 4, Version I, pp. 07-11, p-
ISSN: 2320-334X. 
 
94. Kopcha J. Still a segmented market: UHP tires: Every driver seems to want more than 
performance. MTD: Modern Tire Dealer – The Industry’s Leading Publication 2015; 
February, Volume (96), No. 2, pp. 18-24. 
 
95. Chen S. A Preliminary discourse on Tunable Rolling Resistance of Electrorheological 
Fluid Reinforced Polymer Composities. PhD Thesis, The University of Akron, USA, 
2015. 
 
96. Saito Y. New polymer development for low rolling resistance tyres. Kautschuk und 
Gummi, Kunststoffe 1986; Volume (39), No. 1, pp. 30-32. 
 
97. Nordsiek KH. The “integral rubber” concept—An approach to an ideal tire tread 
rubber. Kautschuk und Gummi, Kunststoffe 1985; Volume (38), pp. 178-185. 
48 
 
98. Wilder CR, Haws JR and Middlebrook TC. Rolling loss of tires using tread polymers 
of variable characteristics with compounding variations. Kautschuk und Gummi, 
Kunststoffe 1984; Volume (37), No. 8, pp. 682-687. 
 
99. Agarwal SL, Hargis IG, Livigni RA et al. Structure and properties of tire rubbers 
prepared by anionic polymerization. In: Lal J and Mark JE (ed.) Advances in Elastomers 
and Rubber Elasticity. New York: Plenum Press, 1986, pp. 17-36, ISBN: 978-1-4757-
1438-8. 
 
100. Baker CSL, Gelling IR and Newell R. Epoxidized Natural Rubber. Rubber 
Chemistry and Technology 1985; March, Volume (58), No. (1), pp. 67-85, doi: 
http://dx.doi.org/10.5254/1.3536059. 
 
101. Day G and Futamura S. A comparison of styrene and vinyl butadiene in tire tread 
polymers. Kautschuk und Gummi, Kunststoffe 1987; Volume (40), pp. 39-43. 
 
102. Aher SS, Desarda A, Shelke JA et al. A Review on Smart Materials: Future 
Potentials in Engineering. International Journal of Science Technology and Management 
2015; Volume (4), Issue 10, October 2015, pp. 07-16.  
 
103. Rogers CA. Workshop Summary. In: Proceedings of U.S. Army Research Office 
Workshop on Smart Materials, Structures and Mathematical Issues, Virginia Polytechnic 
Institute & State University, 15-16 September 1988, pp. 1-12. USA: Technomic 
Publishing Co., Inc. 
49 
 
 
104. Rogers CA, Barker DK and Jaeger CA. Introduction to Smart Materials and 
Structures. In: Proceedings of U.S. Army Research Office Workshop on  Smart Materials, 
Structures and Mathematical Issues, Virginia Polytechnic Institute & State University, 
15-16 September 1988, pp. 17-28. USA: Technomic Publishing Co., Inc. 
 
105. Strock HB. Emerging smart materials systems. American Ceramic Society Bulletin 
1996; Volume (75), Issue (4), April, pp. 71-76. 
 
106. Kaushal A, Vardhan A and Rawat R. Intelligent Material For Modern Age: A 
Review. IOSR Journal of Mechanical and Civil Engineering 2016; Volume (13), Issue 3, 
Version VI, May- June, pp. 10-15, p-ISSN: 2320-334X. 
 
107. Mueller M. Interview: Ulrich Giese, DIK: A focus on future materials and natural 
rubber’s potential. Tire Technology International 2015; Volume (November), pp. 20-24. 
 
108. Matsuzaki R and Todoroki A. Wireless Monitoring of Automobile Tires for 
Intelligent Tires. Sensors 2008; Volume (8), pp. 8124-8138, Doi: 10.3390/s8128123. 
 
109. Wong JY. Theory of Ground Vehicles. 3rd Edition. Canada: John Wiley & Sons, 
Inc, 2001. 
 
50 
 
110. Wei C, Olatunbosun OA and Behroozi M. Simulation of tyre rolling resistance 
generated on uneven road. International Journal of Vehicle Design 2016; Volume (70), 
No. 2, pp. 113-136.  
 
111. Wei C and Olatunbosun OA. Transient dynamic behavior of finite element tire 
traversing obstacles with different heights. Journal of Terramechanics 2014; Volume 
(56), pp. 1-16, doi: http://dx.doi.org/10.1016/j.jterra.2014.07.001. 
 
112. Farroni F, Sakhnevych A and Timpone F. Real Time Thermo Racing Tyre Model. 
In: World Congress on Engineering 2015 conference on Transactions on Engineering 
Technologies (ed Ao S, Yang G and Gelman L), London, UK, 1 - 3 Jul 2015, Doi: 
10.1007/978-981-10-1088-0_3, pp. 23-42. Singapore: Springer. 
 
113. Farroni F, Giordano D, Russo M, et al. TRT: thermo racing tyre a physical model to 
predict the tyre temperature distribution. Meccanica 2013; Volume (48), no 8, doi: 
10.1007/s11012-013-9821-9. 
 
114. Sharma RK, Kwon YD and Prevorsek DC. Relative Importance of Cords and 
Rubber in Tire Rolling Resistance. In: ASTM conference on Tire Reinforcement and Tire 
Performance (ed Fleming RA  and Livingston DI), Montrose, Ohio, 23-25 October 1978, 
ASTM STP 694, pp. 263-283. Philadelphia: American Society for Testing and Materials. 
 
51 
 
115. Smothers D. Rolling Resistance and Tires. Double Coin Blog, 
https://info.doublecointires.com/blog/rolling-resistance-and-tires (2015, accessed 29 
March 2017). 
 
116. Corollaro A. Essentiality of Temperature Management while Modeling and 
Analyzing Tires Contact Forces. Doctor of Philosophy Thesis, University of Naples 
Federico II, Italy, 2014. 
 
117. Moore DF. The Friction of Pneumatic Tyres. Amsterdam: Elsevier Scientific 
Publishing Company, 1975. 
 
118. Gillespie TD. Fundamentals of Vehicle Dynamics. Warrendale: Society of 
Automotive Engineers, 1992. 
 
119. Aboul-Yazid AM, Emam MAA, Shaaban S, et al. Effect of Spokes Structures on 
Characteristics Performance of Non-Pneumatic Tires. International Journal of 
Automotive and Mechanical Engineering (IJAME) 2015; Volume 11, pp. 2212-2223, 
DOI: http://dx.doi.org/10.15282/ijame.11.2015.4.0185. 
 
120. Gasmi A, Joseph PF, Rhyne TB, et al. Development of a two-dimensional model of 
a compliant non-pneumatic tire. International Journal of Solids and Structures 2012; 
Volume (49), pp. 1723–1740, doi: http://dx.doi.org/10.1016/j.ijsolstr.2012.03.007. 
 
52 
 
121. Umesh GC and Kumar ASN. Design and Analysis of Non-Pneumatic Tyre (NPT) 
With Honeycomb Spokes Structure. International Journal of Engineering Science and 
Computing 2016; Volume (6), no 9, pp. 2136-2140. 
 
122. Sassi S, Ebrahemi M, Al-Mozien M, et al. New Design of Flat-Proof Non-
Pneumatic Tire. International Journal of Mechanical Systems Engineering 2016; Volume 
(2), no 114, doi: http://dx.doi.org/10.15344/2455-7412/2016/114. 
 
123. Veeramurthy M, Ju J, Thompson LL, et al. Optimisation of geometry and material 
properties of a non-pneumatic tyre for reducing rolling resistance. International Journal 
of Vehicle Design 2014; Volume (66), no 2, pp. 193-216. 
 
124. Augsburg K, Ivanov V, Kruchkova K, et al. Project Adtyre: Towards Dynamic Tyre 
Inflation Control. In: 34th World automotive congress, Proceedings of the FISITA 2012 
World Automotive Congress,  Lecture Notes in Electrical Engineering, Beijing, China, 
2012, Volume (198), Doi: 10.1007/978-3-642-33795-6_16, pp. 185-198, Heidelberg: 
Springer. 
 
125. GoodYear. Debut of Goodyear Self-Inflating Technology for Commercial Tires at 
the Internationale Automobil-Ausstellung (IAA) Commercial Vehicle Show. GoodYear 
Corporate, https://corporate.goodyear.com/en-US/media/news/Debut-of-Goodyear-Self-
Inflating-Technology-for-Commercial-Tires-at-the-International-Automobil-Ausstellung-
-IAA--Commercial-Vehicle-Show-1426100350223.html (2012, accessed 22 March 
2017). 
53 
 
 
126. Obringer LA. How Self-inflating Tires Work. HowStuffWorks.com, 
http://auto.howstuffworks.com/self-inflating-tire.htm (2004, accessed 23 March 2017). 
 
127. Ajas MA, Aiswarya TG, Adersh V, et al. Tire Pressure Monitoring and Automatic 
Air Filling System. International Journal of Research in Engineering & Advanced 
Technology 2014; Volume 2, Issue 2, ISSN: 2320 – 8791. 
 
128. Klingemann. Self-Inflating Tires…Soon To Be A Reality?, 
http://klingemanncarcare.com/blog/view/self-inflating-tires-soon-to-be-a-reality (2016, 
accessed 23 March 2017). 
 
129. Vishnuram K, Dinesh R, Krishna NS, et al. Self Inflating Tyres. International 
Journal on Applications in Mechanical and Production Engineering 2015; Volume (1), 
Issue 5, pp. 5-6, ISSN ( online): 2395-3500. 
 
130. Ashley S. Rolling tires power self-inflation pumps. SAE International 2012; article 
no 11418. 
 
131. Harley M. Self-inflating tire technology captures innovation award. Autoblog, 
http://www.autoblog.com/2009/02/23/self-inflating-tire-technology-captures-innovation-
award/ (2009, accessed 23 March 2017). 
 
54 
 
132. Skydel S. Tire Pressure Monitoring & Automatic Inflation Systems. Fleet 
Equipment, June 2011, pp. 32-36. 
 
133. Quick D. Goodyear’s self-inflating tire tech for commercial vehicles leaves the lab. 
New Atlas, http://newatlas.com/goodyear-air-maintenance-technology-tires/24229/ (2012, 
accessed 23 March 2017). 
 
134. Peckham M. Self-Inflating Tires Have Been Around for Awhile. Time, 
http://time.com/13022/self-inflating-tires-have-been-around-for-awhile/ (2014, accessed 
22 March 2017). 
 
135. Coxworth B. Goodyear's self-inflating tire system could make air pumps obsolete. 
New Atlas, http://newatlas.com/goodyear-amt-self-inflating-tires/19508/ (2011, accessed 
23 March 2017). 
 
136. Woollaston V. End of the flat tire? Goodyear develops self-inflating wheels that 
constantly maintain the perfect air pressure. MailOnline, 
http://www.dailymail.co.uk/sciencetech/article-2860406/End-flat-tyre-Goodyear-
develops-self-inflating-wheels-constantly-maintain-perfect-air-
pressure.html#ixzz4cxK5sX4D (2014, accessed 22 March 2017). 
 
137. Michelin Americas Truck Tires. Michelin Auto Inflate Answers Complex Problem 
of Maintaining Optimal Tire Inflation Pressure on Commercial Trucks. PR Newswire, 
http://www.prnewswire.com/news-releases/michelin-auto-inflate-answers-complex-
55 
 
problem-of-maintaining-optimal-tire-inflation-pressure-on-commercial-trucks-
300226894.html (2016, accessed 23 March 2017). 
 
138.  PTA News Bureau. Self Inflating Tyres. Polymers & Tyre Asia, Volume (3), Issue 
5, October/November 2012, pp. 64-65. 
 
 
